The pyrolysis of rice husk is studied using thermogravimetric analysis (TGA) equipment. The present study investigates the thermal degradation behavior and determination of the kinetic parameter such as activation energy, E using Kissinger-Akahira-Sunose (KAS) method. The kinetic data is produced based on first order rate of reaction. In the present study, the experiments are conducted at different heating rates of 10, 20, 30, and 50 K/min at non-isothermal condition with carrier nitrogen gas flowrate of 100 mL/min. The temperature range studied is 323-1173 K. Results showed that the maximum degradation rate of rice husk increases from 4.42 to 21.87 wt%/min as heating rate increases from 10 to 50 K/min. In addition, the predicted E values ranged from 48.64 to 54.21 kJ/mol meanwhile the average E values achieved is 51.19 kJ/mol in the range of heating rates studied using KAS method.
Introduction
Biomass energy has been the forefront of solutions to substitute the over reliant and ever growing demand of fossil fuel which attributes to the increase of the atmospheric greenhouse gases (GHG) emissions. Biomass can be considered as carbon neutral as the carbon emitted to release its energy is sourced from the atmosphere in the form of carbon dioxide, CO2 through photosynthesis process [1] . The energy source within the biomass can be obtained either through biological or thermochemical conversion. Biological conversion involves the usage of microorganisms such as anaerobic digestion and fermentation. Thermochemical conversion involves the application of heat and chemicals in the production of energy. Thermochemical conversion can be divided into combustion, gasification and pyrolysis. Among the thermochemical conversion, pyrolysis is considered the most efficient process due to its high feed to fuel ratio in comparison to combustion and gasification process [2] . The rationality of utilizing thermochemical decomposition of biomass through pyrolysis can be explained with the expected dominant role of bio-oil as a substitute for crude oil due to its significant potential for production of energy. Bio-oil can be suitable for engine application after upgradation of bio-oil is performed. Another product of pyrolysis is the volatile gases for methanol, power and heat production.
According to Ebrahimi-Kahrizsangi [3] , it is significant important to understand the thermal decomposition behavior of a biomass as it is said to be closely related to the kinetics. Few studies related on the kinetic determination of biomass pyrolysis had been reported in literature. Cardoso et al. [4] estimated the kinetic parameters with Ozawa and Starink and independent parallel reaction models on sorghum bagasse and tobacco waste in pyrolysis process. Xu and Chen [5] determined the kinetic parameters of pyrolysis rice straw, rice bran, dairy manure and chicken manure using Flynn-Wall method.
In the present work, rice husk is selected as the biomass to investigate the thermal degradation behavior and determine the activation energy, E using Kissinger-Akahira-Sunose (KAS) method in pyrolysis process using thermogravimetric analysis (TGA) equipment. In this study, the experiments are conducted at different heating rates of 10, 20, 30 and 50 K/min in the temperature range of 323-1173 K under the non-isothermal condition. Previous researchers such as Ma et al. [6] had determined the kinetics of rice husk using TGA coupled with Fourier Transform Infrared Spectroscopy (FTIR) equipment using KAS method at lower heating rates from 5 to 30°C. However, no studies on determining the kinetic parameter using KAS method on the pyrolysis of rice husk at higher heating rate.
Nomenclature
A pre-exponential factor E activation energy R gas constant x degree of conversion in the process heating rate T temperature FTIR Fourier Transform Infrared Spectroscopy
Experimental

Material
Rice husk (RH) is obtained from local rice mill in Malaysia. The RH is ground and sieved to a particle size ranging from 0 to 710 m. The ultimate and proximate analysis of the RSS is conducted in LECO CHNS-932 elemental analyzer and thermogravimetry analyser EXSTAR TG/DTA 6300 (Seiko Instrument Inc.) respectively.
Experimental Technique
The analytical instrument used in the present study is the TGA equipment. TGA is a technique where the change in mass of the material as a function of temperature or time is measured under controlled atmosphere. A TGA equipment includes a sample pan where it is supported by a precision balance. The pan laid in a furnace is either heated or cooled in the TGA equipment. The change in mass is monitored during the experiment and a purge gas which can be either inert or reactive controls the sample condition that passes through the sample in the TGA equipment.
In the present work, an approximately 5.0 mg of sample is filled in a 70 L alumina crucible of the TGA equipment under inert atmosphere of nitrogen. The nitrogen gas is set at the temperature of 323 K with a flowrate of 100 mL/min and fed to the system for 20 minutes. The nitrogen gas supplied to get rid of entrapment of other gases present in the system and prevent unwanted oxidation on the sample in the pyrolysis zone. Subsequently, all of the samples are heated from the temperature of 323 to 1173 K at its respective heating rates. During this process, the temperatures are kept unchanged for 10 minutes. During heating, the TGA equipment measured the mass of the sample and furnace temperature. The experiment is conducted where the thermogravimetric curves are plotted at different heating rates of 10, 20, 30 and 50 K/min within a range of temperature from 323-1173 K. The reproducibility of the experiments is checked for accuracy of the data obtained.
Determination of Kinetic Parameter
KAS method is an evaluation of the Arrhenius equation using differential method. This method does not required the knowledge of the exact thermal degradation mechanism [7] . The KAS method is derived from Eq. (1), which will be integrated from the initial condition of x=0 at T = T0 to obtain the following expression as shown in Eq. (2).
(1)
From Eq. (2), the variables of A, f(x) and E are dependent of T whereas E and A are independent of x. Eq. (2) can be further integrated into the following:
The KAS method is based on the approximation of Coats-Redfern method as displayed in Eq. (4) [8] .
(4) By combining Eqs. (1) and (2), the KAS equation can thus be defined as the following:
The plot of ln β/T 2 versus 1/T for constant value of x will develop a straight line. The E can be determined by the gradient of the curve which is represented by -E/R through multiplication with gas constant, R.
Results and Discussion
Proximate and Ultimate Analysis of Rice Husk (RH)
The ultimate and proximate analysis for the RH is displayed in Table 1 . In ultimate analysis, the elemental composition consists of carbon, hydrogen, nitrogen, sulphur and oxygen in dry ash basis weight%. Meanwhile, the proximate analysis consists of moisture content, volatiles matter, fixed carbon and ash in terms of dry basis weight%. From the ultimate analysis of RH, the carbon, hydrogen, nitrogen, sulphur, and oxygen values are 38.60, 4.98, 1.40, 0.03 and 54.99 weight% (wt%) respectively. From the proximate analysis of RH, the values for moisture content, volatile matter, fixed carbon and ash are 16.50, 65.13, 12.50 and 5.87 wt% respectively. 
Thermal Degradation Behavior of RH
The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves for RH at various heating rates are presented in Fig. 1(a) and Fig. 1(b) respectively. From both figures, a similar trend is observed regardless of the different heating rates. However, there is a gradual shift to the right in the residual weight of sample with temperature as the heating rate increases. The initial mass loss starts from temperature of 350 to 520 K as seen in Fig. 1(a) is due to the evaporation of water. Later, the RH undergoes devolatilization phase where carbon and other volatiles are released from RH between a temperature range of 540-660 K. Between the temperature of 680-1100 K, another moderate mass loss occurs due to the decomposition of the remaining lignin in the RH [9] [10] which then ultimately leads to constant weight loss. At the end of the experiment at a non-isothermal temperature of 1200K, the maximum degradation and solid residue left is between the range of 4.4-21.9 wt%/min and 28.6-30.9 wt% respectively. In Fig. 1(b) , it is observed that the DTG peak of RH becomes more obvious with increasing heating rate. Furthermore, the DTG curves is seen to shift to higher temperature range for the first and second peak as the heating rate increases. Besides that, it is observed that the second peak of the DTG curves has a higher magnitude compared to the first peak. The first and second peaks of degradation to occur in RH are in temperature range of 421-449 K and 580-605 K respectively for the range of heating rate studied. The maximum degradation rate of RH increases from 4.42 to 21.87 wt%/min as heating rate increases from 10 to 50 K/min. Table 2 shows the degradation temperature, residue amount and maximum degradation rate for RH in the heating rate range of 10-50 K/min. It is observed that RH degrades in a temperature range of 421-449 K in the range of heating rate studied. Furthermore, the amount of remaining residue at the temperature of 1200 K is within the range of 28.56-30.93 wt%. 
Determination of Kinetic Parameters using Kissinger-Akahira-Sunose (KAS) method
The dependence of kinetic parameter with conversion, x is first deduced with the KAS method. KAS method is used to analyse the TG data of RH to obtain the E values of RH in pyrolysis process. The E values for different heating rates, 10-50 K/min is shown in Table 3 . The predicted E values ranged from 48.64 to 54.21 kJ/mol meanwhile the average E value achieved is 51.19 kJ/mol in the range of heating rates studied. 
Conclusions
Pyrolysis of rice husk is conducted in the thermogravimetric analysis (TGA) equipment to study the thermal degradation behavior and determination of activation energy, E values using Kissinger-Akahira-Sunose method. It is estimated that the activation energy values for rice husk pyrolysis is in the range of 48.64-54.21 kJ/mol with an average value of 51.19 kJ/mol for the range of heating rate studied under non-isothermal condition.
